Abstract-A Stand-Off Radiation Detection System (SORDS) is being developed through a joint effort by Raytheon, Los Alamos National Laboratory, Bubble Technology Industries, Radiation Monitoring Devices, and the Massachusetts Institute of Technology, for the Domestic Nuclear Detection Office (DNDO). The system is a mobile truck-based platform performing detection, imaging, and spectroscopic identification of gammaray sources. A Tri-Modal Imaging (TMI) approach combines active-mask coded aperture imaging, Compton imaging, and shadow imaging techniques. Monte Carlo simulation and modeling using the GEANT4 toolkit was used to generate realistic data for the development of imaging algorithms and associated software code.
I. INTRODUCTION
HE Stand-Off Radiation Detection System (SORDS) is a mobile truck-based gamma-ray imaging detector. The imager uses two planes of detectors to combine coded aperture and Compton imaging. A front plane of 5x5x2 inch NaI detectors forms an active coded mask. The back plane is composed of 2.5x3x24 inch NaI bar detectors. This configuration permits Compton imaging, as well as providing a veto signal for coded aperture events that interact with the mask elements.
. Monte Carlo modeling and simulation using GEANT4 [1] was extremely valuable for guiding detector design and providing synthetic data to enable imaging algorithm and code development while the detector hardware was being constructed and assembled. A model of the detector and truck platform was created as shown in Fig. 1 . Outer truck panels have been removed to allow interior visualization. The truck components (tires, engine, chassis, etc.) are rather crude, while the individual detector models are more intricate. The detector is intended to image sources either statically or while the truck is in motion. For motion simulations, the source was moved around a stationary detector geometry, and the detector location was assigned to be the inverse of the source location, thereby simulating detector motion. Simulated data can then be fed to image reconstruction algorithms to produce images like the one shown in Fig. 2 for a drive-by of a 1 mCi 60 Co source at 30 mph with a closest approach distance of 100 meters. 
II. DETECTOR MODELING
The accuracy of SORDS detector simulations must be verified against measured data. Measurements were taken with prototype detectors to validate the detector-level models. The ability to reproduce measured data features with simulations lies largely in precise modeling of the detectors. Fig. 3 shows a cross-sectional view of our model for the 5x5x2 inch SORDS NaI front-plane detector. We have modeled a number of details including the photomultiplier tube, electronics box, optical interface, and detector can. A similar model was constructed for the 2.5x3x24 inch NaI back-plane detector.
For comparison to measured data, further details were added to the model to account for materials near the detector during the time of measurement. This included lead bricks supporting the detector, a wooden table, and the concrete floor. Such items are necessary to reproduce the contribution of scattering to the measured data. A comparison between measured and simulated data for the 5x5x2 inch sodiumiodide detector is shown in Fig. 4 . Data are from a 60 Co source located 10.5 inches from the detector face. Fig. 5 shows data from a measurement and simulation of the bar detector. The data were collected with a prototype version of the acquisition hardware that had a large and unknown dead-time. Therefore, the simulation data is normalized to the measured photopeak area. The comparisons illustrate that all major spectral features are reproduced. There is some discrepancy in the simulated spectrum at lower energies, where scattered photons dominate. More detail, either in the detector model or the surrounding materials (lead bricks, table, floor, walls), would likely improve this. 
III. BACKGROUND SOURCE MODEL
Natural background radiation is abundant and will play a major role in the ultimate performance of any large-area detector looking for weak or distant sources. Radiation is emitted from a variety of primordial and cosmogenic isotopes occurring naturally in soil, rocks, and their by-products. The SORDS detector, with its large active area, will observe significant event rates from background sources. Simulation of accurate data for the development of source imaging and isotope identification algorithms will therefore require a thorough and well-validated model of the typical background environment. Our approach was to build the background model starting from the most basic details of soil composition and isotopic distributions. The content of soil has sizeable variations depending on location and geography. We have assumed a radioactive isotope composition as shown in Table  I . These isotopes and their decay daughters, in secular equilibrium, constitute the source of nearly all naturally occurring radiation. For each of the isotopes in Table I and their daughters, the specific activity is multiplied by the branching ratio for each gamma-ray emitted, thereby providing the gamma-ray flux per gram of soil for each emitted energy. There are well over a thousand gamma-ray energies produced by these isotopes. For simplicity, our model uses the 100 most intense energies.
The gamma-ray energy spectrum emitted by an extended volume of soil is more complicated than the idealistic representation of many mono-energetic line energies. Some gamma-rays will experience absorption and scattering in the soil itself, stopping some low-energy photons, and producing a continuum of energies from scattering. To reproduce this, a GEANT4 model of soil was made, using the chemical composition shown in Table II , with a uniform density of 1.5 g/cm 3 . The soil occupied a volume 1 meter by 1 meter square and 0.5 meter deep. Gamma-ray energies were picked at random according to relative intensity and emitted in the soil with random directions. The energy of gamma-rays leaving the surface of the soil was recorded. This energy spectrum is shown in Fig. 6 , and contains the scattering continuum.
Because it would be too time consuming to simulate interactions in the soil each time we desire to study the response of a detector, the energy spectrum of Fig. 6 is used as a source term. That is, photon energies for background studies can be picked randomly from the spectrum of Fig. 6 when we perform detector simulations. Fig. 7 shows a comparison of background data collected with the SORDS detector and the simulated background using the background model and the truck model discussed previously. The ground was modeled as a plane beneath the truck with dimensions of 20x20 meters. Energy spectra are shown for detector front-plane single hit events, back-plane single hit events, and coincidence events between the front and back planes. The simulation data is normalized to the measurement live-time. The comparison is generally good with some over-prediction of the 1460 keV and 2614 keV lines. The total integral of the measured spectrum divided by the simulated spectrum is 0.85 for front-plane events, 0.96 for back-plane events, and 1.3 for coincidence events, well within the substantial variations known to exist for background intensity.
A comparison was also performed for data collected with a 60 μCi 22 Na source located 6 meters from the truck (Fig. 8) . Simulated data was again normalized to the measurement live- time. The simulated background was scaled by the factors given above before the 22 Na simulated events were mixed in. Although considerable uncertainty exists in the source strength and exact location used for measurements the simulation does a respectable job of reproducing the measured data.
A truly accurate simulation of background would of course require the simulation of an infinite plane to replicate the surface of the earth. Our simulation used a 20x20 meter plane because it was computationally feasible. We evaluated the total fraction of detected background events that would be expected to originate within a radius of 10 meters. This was done by generating photons from a series of annular rings of width 1 meter and increasing radius. As shown in Fig. 9 , the rate drops off quite rapidly with increasing radius, however the total integral is substantial. We estimate that only 1/3 rd of total background photons observed in the detector would be expected to originate within a 10 meter radius. Because we observed good agreement between the measured and simulated data assuming a 20x20 meter plane, it suggests the activity values of the soil constituents (Table I ) may be too intense for an infinitely large plane, but are appropriately normalized if one uses a 20x20 meter plane. One should also keep in mind that significant variations in background radiation intensity are not uncommon depending on location. 
IV. SUMMARY
A mobile detector is being developed for detection, imaging, and identification of gamma-ray sources. We used the GEANT4 simulation toolkit to guide detector design and produce synthetic data for the development of imaging algorithms and code while detector hardware was being constructed. Significant detail was incorporated into the detector level models. Simulations of individual detectors and of the entire truck assembly were validated against measured data. Terrestrial background radiation is significant for our large-area detector, necessitating a detailed simulation to evaluate the resulting detector signature. A background model was built from first principles and compared well to measured data. The background model will be useful for any future projects where background contributions are expected to be significant.
